The aim of this study is to design and test a new, simple, and reusable linear variable differential transformer (LVDT)-based in situ bolt preload monitoring system (L-PMS) during fastening of a truck wheel assembly. Instead of measuring the elongation of a bolt, the distance between the end surfaces of both the bolt and nut was monitored via the L-PMS. The distance obtained from the L-PMS was experimentally correlated with the actual preload measured by a washer-type load cell. Since the variation of the distance is related to the stiffness of the bolt and clamped parts, a finite element analysis was also conducted to predict the sensitivity of L-PMS. There was a strong linear relationship between the distance and bolt preload after the bolt and nut were fully snugged. However, a logarithm-shaped nonlinear relationship was irregularly observed before getting snugged, making it difficult to define a clear relationship. In order to tackle this issue, an arc-shaped conductive line was screen-printed onto the surface of the clamped parts using a conductive carbon paste. The results show that a resistance variation of the conductive line during fastening enables to determine the snug point, so the L-PMS combined with resistance measurement results in an approximately ±6% error in the measurement of bolt preload. The proposed L-PMS offers a simple but highly reliable way for measuring bolt preload during fastening, which could be utilized in a heavy-truck production line.
Introduction
Bolts have been widely used for assembling machine components owing to the associated easy-tightening process and their relative insensitivity to service temperature and humidity. Bolted joints play important roles in maintaining structural integrity since their failure could lead to a catastrophic result. Nevertheless, bolts have often been considered one of the most neglected mechanical elements in engineering design of machines and structures. An appropriately applied preload to a bolt ensures a sufficient clamping force to prevent malfunctions such as self-loosening, joint slip, joint separation, and fatigue failure of the bolt, but it is usually difficult to accurately control the fastening behavior of bolted joints due to the complex shape of bolts and high preload sensitivity which varies greatly even with very small angle change [1] [2] [3] . To improve the reliability and durability of machine parts, bolts must be properly tightened to pre-specified values of preload. Furthermore, structural bolted joints are increasingly garnering attention in the automotive industry because of failure of bolts under harsh conditions and noise problems such as buzz, squeak and rattle due to insufficient preload [4] . However, tens or hundreds (or even thousands) of bolts are Metals 2019, 9, 336; doi:10.3390/met9030336
www.mdpi.com/journal/metals Metals 2019, 9, 336 2 of 13 used in one machine part and it is difficult to directly measure the accurate preload of bolts during fastening process [5, 6] . Bolt-tightening methods in real engineering practices are classified into two types based on whether the bolt tightening is performed in the elastic or plastic region. The most commonly used and easiest tightening method in the elastic region is the torque-control method. Here, a preload can be easily predicted from the applied torque and coefficients of friction (COF). However, it is difficult to measure the accurate COF, and the variation of COF causes the variation of the preload, resulting in a poor estimation of preload. Even if the entire tightening process is precisely performed, a preload variation of ±30% is expected when the torque-control method is used in the elastic region [7, 8] . Determination of the preload by measuring the turn angle can be an alternative, known as the angle-control method. This method is relatively insensitive to COF and gives more accurate results than the torque-control method as long as the relative angle between a bolt and nut is precisely measured, which is not easy to implement in real engineering practices [9, 10] .
For the bolt tightening over the yield point, the torque plus angle-control method can be adopted, in which a low torque is first exerted for snugging followed by turn of angle up to a prescribed value. Its variation of preload mainly depends on the variation of bolt's yield strength, so this method has a lesser preload variation than either torque control method or angle control method [11] . Tightening over the yield point can increase the resistance of self-loosening and fatigue failures by applying a sufficient preload to the bolt; however, the risk of bolt rupture during tightening exists due to over-tightening [12, 13] . Another alternative is the torque-gradient method where torque, angle, and their gradient are continuously monitored. The tightening process is completed by considering all the three values, especially the gradient. However, this method requires an expensive tool system as well as a longer process time, and there is also the possibility of the risk of over-tightening [12, 14] .
In contrast to torque-related methods, the elongation control methods such as applications of strain gages, fiber Bragg-grating (FBG) sensors, ultrasonic wave, and vision analysis can offer much more precise and reliable predictions. However, they usually are not cost-effective since special preparations for bolts are required before tightening. Strain gages need to be mounted on a bolt using a special adhesive, so they are not reusable. Optical FBG sensors might be reusable, but a hole penetrating through a bolt is necessary for an optical fiber and the sensor should be glued to the bolt using an adhesive [15] [16] [17] . For measuring the preload of a bolt using an ultrasonic wave based on the acoustoelastic effect, there are some conditions required to ensure accuracy: the grip length has to be sufficiently large to minimize errors [18] ; the bolt material should be isotropic, and both end surfaces of the bolt need to be flat and parallel [19] ; in addition, the measurement accuracy is not ensured under the external vibration, which can change the position of ultrasonic transducer [20, 21] . An electromagnetic transducer for measurement of a bolt preload also requires head-to-end parallelism [22] . For an optical inspection technology via automatic digital image correlation to measure the axial strain of a bolt, bolts should be externally exposed to be captured by a vision system [23] .
Currently, there has been a continuous demand from industries for a more practical way for estimating the preload so as to apply the monitoring system to production lines. Particularly, for the automobile industry, the development of such application is still challenging. This technology should exhibit the following major attributes: accuracy, low cost, simplicity, and effectiveness. However, insofar no technology has been able to satisfy all of the above-mentioned requirements [24, 25] . Furthermore, most of the works have focused on monitoring the structural integrity of the bolted joints during machine operation after a tightening step such as monitoring the fatigue crack of the joints and detecting contact status between the clamped parts, although up to 90% of the failures originate from an inappropriate preload application in the initial tightening process [26, 27] .
This work aims at introducing a simple and inexpensive linear variable differential transformer (LVDT)-based in situ preload monitoring system (L-PMS). Instead of measuring the elongation of a bolt, the distance between the end surfaces of a bolt and nut was measured using a specially-designed L-PMS, which could be easily mounted onto and dismounted from the bolted joint. Finite element analysis (FEA) was first performed to evaluate the stiffness of the bolt and clamped part. The developed L-PMS was then tested for tightening bolts and nuts of a truck wheel assembly, in order to find a correlation between the output of the L-PMS and the preload. For more accurate estimation by eliminating the snugging effect, the variation of resistance around a nut bearing surface during the snugging process was also investigated. Finally, preloads predicted by the L-PMS were compared to those measured by a washer-type load cell. The proposed L-PMS was simple, effective and inexpensive, yet showed acceptable accuracy. It would be expected that L-PMS could be utilized in measuring the bolt preload during tightening in a production line.
Concept of L-PMS
A typical bolted joint is shown in Figure 1a . If torque is exerted to a bolt, the bolt experiences an elongation and thus a preload (F p ), while the clamped parts are compressed. At the same time, distance between the end surfaces of both the bolt and nut, D bn , is varied. It should be noted that D bn depends on the axial displacements of bolt and clamped parts, ∆ b and ∆ c . Under the assumption that all parts are appropriately snugged, ∆ b and ∆ c are determined in terms of the stiffness and the preload as shown in the following equations [28] .
where k b and k c are the stiffness of bolt and clamped parts, respectively, and δ b and δ c denote the corresponding compliances. Since D bn is the sum of ∆ b and ∆ c ,
D bn is a linear function of F p if the stiffness (or compliances) of the bolt and clamped parts are constant [9, 10] . This means that the preload can be estimated by measuring the distance variation between the end surfaces of bolt and nut. The proposed L-PMS uses this principle to measure the bolt preload, and a simple concept design of L-PMS is shown in Figure 1b . This structure allows L-PMS to easily measure D bn during tightening of a nut without any interference with a torque wrench.
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Dbn is a linear function of Fp if the stiffness (or compliances) of the bolt and clamped parts are constant [9, 10] . This means that the preload can be estimated by measuring the distance variation between the end surfaces of bolt and nut. The proposed L-PMS uses this principle to measure the bolt preload, and a simple concept design of L-PMS is shown in Figure 1b . This structure allows L-PMS to easily measure Dbn during tightening of a nut without any interference with a torque wrench. 
Materials and Methods

Materials
For experiments and computational analyses, all the parts of a truck wheel were prepared. Figure 2a shows a hub bolt (M18, strength grade 10.9) with a fine pitch (1.5 mm) and a wheel nut, which are based on the specifications of the international organization for standardization (ISO) [29] . A hub assembly and a wheel were shown in Figure 2b ,c, respectively. A total of six hub bolts with serrations in their shanks were press-fitted to the hub assembly, so the bolts did not move during fastening. The hub assembly was then fastened to the wheel using six wheel nuts. Detailed specifications of the bolt used in this study are listed in 
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Materials
Preparation of L-PMS
In order to measure Dbn, the L-PMS that consists of only three parts was manufactured: LVDT (S3C, Honeywell Co. Minneapolis, MN, USA), a customized tube-type steel jig, and a ring-type magnet (see Figure 3a ,b). LVDT was inserted into the jig and held using four small bolts, and the ring-type magnet played a role in fixing the LVDT jig to the top surface of nut (Figure 3c ). The L-PMS could be easily mounted onto and dismounted from a nut by using the ring-type magnet. A disktype magnet was also mounted on the end surface of the bolt (the inset of Figure 3c ) in order to readily obtain a uniform, flat surface from somewhat irregular bolt end surfaces, not conducting timeconsuming machining process. Before starting measurement, the tip of LVDT of the L-PMS initially touched the top surface of a disk-type magnet to set the zero point.
With this simple structure for L-PMS, it is possible to easily measure the variation in distance, Dbn, between the end surfaces of bolt and nut while fastening the nut to produce the bolt preload. This configuration offers several advantages: (1) the proposed L-PMS is low-cost with a simple structure, (2) the measurement process, from preparation to results, is simple and easy to conduct, (3) it can be used for in-situ monitoring of the bolt preload in a production line, and (4) expensive or complex signal processing is not necessary. A commercial, cheap data acquisition (DAQ) device with a 16-bit resolution is sufficient for measuring the output voltage variation. 
In order to measure D bn , the L-PMS that consists of only three parts was manufactured: LVDT (S3C, Honeywell Co. Minneapolis, MN, USA), a customized tube-type steel jig, and a ring-type magnet (see Figure 3a ,b). LVDT was inserted into the jig and held using four small bolts, and the ring-type magnet played a role in fixing the LVDT jig to the top surface of nut ( Figure 3c ). The L-PMS could be easily mounted onto and dismounted from a nut by using the ring-type magnet. A disk-type magnet was also mounted on the end surface of the bolt (the inset of Figure 3c ) in order to readily obtain a uniform, flat surface from somewhat irregular bolt end surfaces, not conducting time-consuming machining process. Before starting measurement, the tip of LVDT of the L-PMS initially touched the top surface of a disk-type magnet to set the zero point.
With this simple structure for L-PMS, it is possible to easily measure the variation in distance, D bn , between the end surfaces of bolt and nut while fastening the nut to produce the bolt preload. This configuration offers several advantages: (1) the proposed L-PMS is low-cost with a simple structure, (2) the measurement process, from preparation to results, is simple and easy to conduct, (3) it can be used for in-situ monitoring of the bolt preload in a production line, and (4) expensive or complex signal processing is not necessary. A commercial, cheap data acquisition (DAQ) device with a 16-bit resolution is sufficient for measuring the output voltage variation. 
Experimental Details
A total of six identical bolts were connected to the hub assembly, and each bolt was numbered from one to six for the convenience of experiments (Figure 3d ). In order to directly measure the actual preload of a bolt, a washer-type load cell (1-KMR/300 kN, HBM Co., Darmstadt, Germany) was placed between the clamped part and nut as shown in Figure 3c . The preload measured by the load cell was correlated with Dbn measured by the L-PMS.
As shown in Figure 4 , all the data were obtained through a peripheral component interconnect extensions for instrumentation (PXI) system (PXIe-1082, National Instruments Co., Austin, TX, USA) equipped with two DAQ boards (NI-9219 and PXIe-4330, National Instruments Co.) for simultaneously measuring both the displacement from LVDT and the preload from washer-type load cell. A real-time DAQ program was implemented using LabVIEW to record all the data during fastening process. The sampling rate was set to 50 Hz for all the experiments in this study. A manual digital torque wrench (Torcotronic 350, Gedore Co., Remscheid, Germany) was also used to measure the applied torque while tightening the nut. It should be noted that the largest torque that could be manually applied was about 200 N·m, and most experiments were conducted under a torque of 150 N·m. When conducting experiment with one bolt, the other bolts were preliminarily tightened by exerting a relatively low torque of 20 N·m to avoid unnecessary interaction between bolts. The actual preload and Dbn were recorded at the same time during the tightening experiments. 
A total of six identical bolts were connected to the hub assembly, and each bolt was numbered from one to six for the convenience of experiments (Figure 3d ). In order to directly measure the actual preload of a bolt, a washer-type load cell (1-KMR/300 kN, HBM Co., Darmstadt, Germany) was placed between the clamped part and nut as shown in Figure 3c . The preload measured by the load cell was correlated with D bn measured by the L-PMS.
As shown in Figure 4 , all the data were obtained through a peripheral component interconnect extensions for instrumentation (PXI) system (PXIe-1082, National Instruments Co., Austin, TX, USA) equipped with two DAQ boards (NI-9219 and PXIe-4330, National Instruments Co.) for simultaneously measuring both the displacement from LVDT and the preload from washer-type load cell. A real-time DAQ program was implemented using LabVIEW to record all the data during fastening process. The sampling rate was set to 50 Hz for all the experiments in this study. A manual digital torque wrench (Torcotronic 350, Gedore Co., Remscheid, Germany) was also used to measure the applied torque while tightening the nut. It should be noted that the largest torque that could be manually applied was about 200 N·m, and most experiments were conducted under a torque of 150 N·m. When conducting experiment with one bolt, the other bolts were preliminarily tightened by exerting a relatively low torque of 20 N·m to avoid unnecessary interaction between bolts. The actual preload and D bn were recorded at the same time during the tightening experiments. 
Results and Discussion
L-PMS Test
Before conducting the experiments with L-PMS, the relationship between the external torque and the bolt preload for the wheel assembly was first investigated. Figure 5 presents the variations in the bolt preload with the externally applied torque. The preload and the torque were measured by a washer-type load cell and a manual digital torque wrench, respectively. The preload tended to be linearly proportional to the torque, but it was in the range of~25 to~50 kN under the same torque of 100 N·m, resulting in the preload variation of ±33%. This result shows a typical example of torque-control method. Since only controlling the torque inherently gives a large scatter in the resulting preload, an alternative way is necessary to simply measure the preload in production line.
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Before conducting the experiments with L-PMS, the relationship between the external torque and the bolt preload for the wheel assembly was first investigated. Figure 5 presents the variations in the bolt preload with the externally applied torque. The preload and the torque were measured by a washer-type load cell and a manual digital torque wrench, respectively. The preload tended to be linearly proportional to the torque, but it was in the range of ~25 to ~50 kN under the same torque of 100 N·m, resulting in the preload variation of ±33%. This result shows a typical example of torquecontrol method. Since only controlling the torque inherently gives a large scatter in the resulting preload, an alternative way is necessary to simply measure the preload in production line. The L-PMS suggested in this work could be an alternative for measuring the preload with less scatter. Three sets of experiments were conducted for each bolt. The plot in Figure 6a exhibits the relationship between Dbn from the L-PMS and the preload from a washer-type load cell. The distance Dbn was plotted as a function of the actual preload until reaching 60 kN. It can be seen that there are two different regions, A and B, depending on whether whole parts are fully snugged or not. Such phenomena are not only observed in this study but also in other works. The correlation between displacement of bolted joint and external force is changed before and after the snug point [7, 30, 31] . The deviation in Region B is generally caused by an initial tolerance between the clamped parts or between the clamped part and nut. If there is such a tolerance, Dbn would significantly increase even with a small increase in the preload. Dbn exhibits a linear relationship with the preload after all the clamping components are completely snugged. Various logarithm-shaped nonlinear curves were observed before reaching nearly the preload of 30 kN, whereas Dbn linearly increased with respect to the preload after 30 kN. Therefore, when the snug point is defined as the point where the linear relationship between Dbn and preload just begins, the minimum requirement of snug force was first assumed to be ~30 kN for the whole joint system used in this work. In Figure 6a , it may look linear over the preload of ~15 kN; however, there was a small amount of nonlinearity-the slope (sensitivity) continuously changes-within the range from 10 to 30 kN even though the graph looks linear.
Region A showed a highly linear relationship between Dbn and the preload, so Region A was firstly analyzed. The slopes of lines after 30 kN preload were calculated using the least square regression to estimate the sensitivities, and a total of 18 sensitivities were obtained from six bolts and nuts. Figure 6b shows the estimated sensitivities with respect to the bolt number. The sensitivity values were similar for each bolt and nut, and there was a relatively small scatter in them. This is because each bolt was not affected by neighboring bolts during fastening process. Figure 6c shows a histogram for all the sensitivities, which looks like a normal distribution. The averaged sensitivity of all the bolts was 0.662 kN/μm and the standard deviation was 0.024 kN/μm. The L-PMS suggested in this work could be an alternative for measuring the preload with less scatter. Three sets of experiments were conducted for each bolt. The plot in Figure 6a exhibits the relationship between D bn from the L-PMS and the preload from a washer-type load cell. The distance D bn was plotted as a function of the actual preload until reaching 60 kN. It can be seen that there are two different regions, A and B, depending on whether whole parts are fully snugged or not. Such phenomena are not only observed in this study but also in other works. The correlation between displacement of bolted joint and external force is changed before and after the snug point [7, 30, 31] . The deviation in Region B is generally caused by an initial tolerance between the clamped parts or between the clamped part and nut. If there is such a tolerance, D bn would significantly increase even with a small increase in the preload. D bn exhibits a linear relationship with the preload after all the clamping components are completely snugged. Various logarithm-shaped nonlinear curves were observed before reaching nearly the preload of 30 kN, whereas D bn linearly increased with respect to the preload after 30 kN. Therefore, when the snug point is defined as the point where the linear relationship between D bn and preload just begins, the minimum requirement of snug force was first assumed to be~30 kN for the whole joint system used in this work. In Figure 6a , it may look linear over the preload of~15 kN; however, there was a small amount of nonlinearity-the slope (sensitivity) continuously changes-within the range from 10 to 30 kN even though the graph looks linear.
Region A showed a highly linear relationship between D bn and the preload, so Region A was firstly analyzed. The slopes of lines after 30 kN preload were calculated using the least square regression to estimate the sensitivities, and a total of 18 sensitivities were obtained from six bolts and nuts. Figure 6b shows the estimated sensitivities with respect to the bolt number. The sensitivity values were similar for each bolt and nut, and there was a relatively small scatter in them. This is because each bolt was not affected by neighboring bolts during fastening process. The effect of flatness of the bolt's end surface on the reliability of L-PMS was also investigated by detaching the disk-type magnet from the bolt. In this experiment, the bolts were tested as received without any additional processing, and thus their end surfaces were not perfectly flat. When the disktype magnet was not used, the sensitivity had the average value of 0.619 kN/μm and the standard deviation of 0.047 kN/μm. The averaged sensitivity became lower and the standard deviation was doubled without the disk-type magnet mounted. In the L-PMS, the tip of LVDT initially touches the end surface of bolt, and it also rotates by turning of nut during tightening. An error occurs if the two rotational axes of LVDT and nut are misaligned and the bolt's end surface is not flat. More errors could be produced by the rougher end surface of bolt. It should be noted that the error was reduced by using the disk-type magnet with a flat surface. The tip of LVDT with a larger radius of curvature might help further reduce the effect of the roughness of bolt's end surface.
The variation of Dbn from L-PMS was additionally checked by repeated mounting and dismounting as shown in Figure 7 . A bolt was tightened up to the preload of 60 kN, and the corresponding Dbn was initially measured to 234.97 μm. With the preload fixed to 60 kN, the L-PMS was dismounted from a nut and mounted again several times. The averaged Dbn was 234.79 μm, 235.34 μm, 235.33 μm and 235.22 μm in sequence (Figure 7 ). The standard deviation was 0.27 μm, so the corresponding variation of the preload would be estimated to 0.18 kN considering the sensitivity of 0.662 kN/μm. Therefore, L-PMS could be used not only to measure the preload during fastening process but also to monitor the preload variation in operation. 
Prediction of Sensitivity from FEA
As emphasized in Equation (3), the stiffness determined by materials and structure is a key factor for the sensitivity of L-PMS, which means that the sensitivity of L-PMS is different depending on a bolt and joint structure used. It is inefficient to find the sensitivity of many different types of bolts and joints only through an experiment in terms of time, cost and applicability. In previous studies, it has been demonstrated that FEA can be used to predict the stiffness of bolt and joint structure directly from the joint geometry and material properties, and the predicted value of stiffness using FEA shows The effect of flatness of the bolt's end surface on the reliability of L-PMS was also investigated by detaching the disk-type magnet from the bolt. In this experiment, the bolts were tested as received without any additional processing, and thus their end surfaces were not perfectly flat. When the disk-type magnet was not used, the sensitivity had the average value of 0.619 kN/µm and the standard deviation of 0.047 kN/µm. The averaged sensitivity became lower and the standard deviation was doubled without the disk-type magnet mounted. In the L-PMS, the tip of LVDT initially touches the end surface of bolt, and it also rotates by turning of nut during tightening. An error occurs if the two rotational axes of LVDT and nut are misaligned and the bolt's end surface is not flat. More errors could be produced by the rougher end surface of bolt. It should be noted that the error was reduced by using the disk-type magnet with a flat surface. The tip of LVDT with a larger radius of curvature might help further reduce the effect of the roughness of bolt's end surface.
The variation of D bn from L-PMS was additionally checked by repeated mounting and dismounting as shown in Figure 7 . A bolt was tightened up to the preload of 60 kN, and the corresponding D bn was initially measured to 234.97 µm. With the preload fixed to 60 kN, the L-PMS was dismounted from a nut and mounted again several times. The averaged D bn was 234.79 µm, 235.34 µm, 235.33 µm and 235.22 µm in sequence (Figure 7 ). The standard deviation was 0.27 µm, so the corresponding variation of the preload would be estimated to 0.18 kN considering the sensitivity of 0.662 kN/µm. Therefore, L-PMS could be used not only to measure the preload during fastening process but also to monitor the preload variation in operation. The effect of flatness of the bolt's end surface on the reliability of L-PMS was also investigated by detaching the disk-type magnet from the bolt. In this experiment, the bolts were tested as received without any additional processing, and thus their end surfaces were not perfectly flat. When the disktype magnet was not used, the sensitivity had the average value of 0.619 kN/μm and the standard deviation of 0.047 kN/μm. The averaged sensitivity became lower and the standard deviation was doubled without the disk-type magnet mounted. In the L-PMS, the tip of LVDT initially touches the end surface of bolt, and it also rotates by turning of nut during tightening. An error occurs if the two rotational axes of LVDT and nut are misaligned and the bolt's end surface is not flat. More errors could be produced by the rougher end surface of bolt. It should be noted that the error was reduced by using the disk-type magnet with a flat surface. The tip of LVDT with a larger radius of curvature might help further reduce the effect of the roughness of bolt's end surface.
As emphasized in Equation (3), the stiffness determined by materials and structure is a key factor for the sensitivity of L-PMS, which means that the sensitivity of L-PMS is different depending on a bolt and joint structure used. It is inefficient to find the sensitivity of many different types of bolts and joints only through an experiment in terms of time, cost and applicability. In previous studies, it has been demonstrated that FEA can be used to predict the stiffness of bolt and joint structure directly from the joint geometry and material properties, and the predicted value of stiffness using FEA shows 
As emphasized in Equation (3), the stiffness determined by materials and structure is a key factor for the sensitivity of L-PMS, which means that the sensitivity of L-PMS is different depending on a bolt and joint structure used. It is inefficient to find the sensitivity of many different types of bolts and joints only through an experiment in terms of time, cost and applicability. In previous studies, it has been demonstrated that FEA can be used to predict the stiffness of bolt and joint structure directly from the joint geometry and material properties, and the predicted value of stiffness using FEA shows Metals 2019, 9, 336 8 of 13 a good agreement with the actual stiffness [32, 33] . Thus, FEA was performed using a commercial FE software ANSYS to predict the stiffness of both the bolt and clamped parts. Analysis models of the bolt and the clamped parts are shown in Figure 8a ,b, respectively. Since the bolt and clamped parts were fabricated from structural steel, they were modeled using an isotropic material with the elastic modulus of 205 GPa [34] . For the bolt model, a tetrahedral volume mesh was generated, and the number of elements was 154,247. The head region (serration region) was fixed because the bolt was embedded in a hub assembly via press fitting. An axial tensile force of 1 kN was applied on the end surface of bolt in the normal direction so that the bolt experiences pure tension. For the clamped part model, a one-sixth portion was analyzed due to its cyclic symmetry nature, and the number of elements was 153,200. The axial compressive force of 1 kN was applied on the nut bearing surface in the normal direction, while the bolt head bearing surface was fixed. All contact regions between the wheel and hub assembly were assumed to be bonded because friction between wheel and hub has little effect on the stiffness in pure compression state [35, 36] .
surface of bolt in the normal direction so that the bolt experiences pure tension. For the clamped part model, a one-sixth portion was analyzed due to its cyclic symmetry nature, and the number of elements was 153,200. The axial compressive force of 1 kN was applied on the nut bearing surface in the normal direction, while the bolt head bearing surface was fixed. All contact regions between the wheel and hub assembly were assumed to be bonded because friction between wheel and hub has little effect on the stiffness in pure compression state [35, 36] . Figure 8c ,d illustrate the axial deformation of the bolt and the clamped parts under the 1 kN axial force, respectively. The absolute displacements of 1.246 μm and 0.197 μm were generated at the bolt's end surface and the nut bearing surface due to 1 kN axial forces, respectively. These displacement values correspond to the compliances of the bolt and clamped parts, and the equivalent stiffness of joint structure, which is the same as the sensitivity of L-PMS, is calculated as the inverse of the sum of compliances. Therefore, from these compliances (1.246 and 0.197 μm/kN), the sensitivity was predicted to be 0.693 kN/μm. The predicted sensitivity (0.693 kN/μm) was slightly higher than the measured one (0.662 kN/μm). Such difference can be attributed to the simplification of the analytical model. Deformation of threads in the bolt and nut was not considered in the analysis, and the frictional contact regions were assumed bonded. Even though there was a slight difference between the predicted and experimentally-obtained sensitivities, the error was only 4.6%, which is regarded as an acceptable value. This means that the sensitivity of L-PMS can be predicted using FEA when L-PMS is applied to a new structure. 
Determination of Snug Force
L-PMS assumes a linear relationship between Dbn and the preload, but irregular logarithmshaped curves (region B) were observed before the snug point as shown in Figure 6a . In the previous section, the snug force was graphically selected to be 30 kN; however, in order to more accurately measure the preload, the snug point should be correctly defined. A snug torque, which is much lower Figure 8c ,d illustrate the axial deformation of the bolt and the clamped parts under the 1 kN axial force, respectively. The absolute displacements of 1.246 µm and 0.197 µm were generated at the bolt's end surface and the nut bearing surface due to 1 kN axial forces, respectively. These displacement values correspond to the compliances of the bolt and clamped parts, and the equivalent stiffness of joint structure, which is the same as the sensitivity of L-PMS, is calculated as the inverse of the sum of compliances. Therefore, from these compliances (1.246 and 0.197 µm/kN), the sensitivity was predicted to be 0.693 kN/µm. The predicted sensitivity (0.693 kN/µm) was slightly higher than the measured one (0.662 kN/µm). Such difference can be attributed to the simplification of the analytical model. Deformation of threads in the bolt and nut was not considered in the analysis, and the frictional contact regions were assumed bonded. Even though there was a slight difference between the predicted and experimentally-obtained sensitivities, the error was only 4.6%, which is regarded as an acceptable value. This means that the sensitivity of L-PMS can be predicted using FEA when L-PMS is applied to a new structure.
L-PMS assumes a linear relationship between D bn and the preload, but irregular logarithm-shaped curves (region B) were observed before the snug point as shown in Figure 6a . In the previous section, Metals 2019, 9, 336 9 of 13 the snug force was graphically selected to be 30 kN; however, in order to more accurately measure the preload, the snug point should be correctly defined. A snug torque, which is much lower than the full tightening torque, is commonly applied to approximately determine the snug point, but it still could lead to a large scatter in the preload because it is also a kind of torque-control method greatly affected by the variation in COF. Thus, a new way was suggested to determine the snug point more accurately.
A conductive line was introduced on the surface in the vicinity of the nut bearing area for measuring the resistance variation during fastening process. As shown in Figure 9 , carbon paste was screen-printed to fabricate an arc-shaped conductive line on the top surface of wheel outside the nut bearing surface. Screen printing method has been widely used in the field of printed electronics due to its many advantages such as low cost, process simplicity, and pattern durability [37] [38] [39] . After fabricating the conductive line, the resistance variation was measured using a hand-held digital multi-meter (DMM, Hioki Co., Nagano, Japan) while simultaneously monitoring the actual preload and D bn . Figure 10a shows the typical example of the resistance change ratio (∆R/R 0 ) as a function of D bn , and the corresponding variation of D bn with the preload is plotted in Figure 10b . ∆R/R 0 began to converge at approximately D bn = 112 µm as D bn increased. The corresponding preload was approximately 38 kN at D bn = 112 µm, which was thought to be the snug force. In the same manner, the averaged snug force and the standard deviation were found to be 42.1 kN and 1.4 kN, respectively, from additional experiments. This value was a little higher than the first-assumed snug force of 30 kN from Figure 6a . Note that this measured snug force (42.1 kN) is only 20.7% of the bolt's nominal tensile yield force (F Y = 203 kN in Table 1 ).
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Estimation of Final Clamping Force
From the combination of the snug force and D bn , the bolt preload can be determined during fastening process. The averaged snug force was measured to 42.1 kN from the previous experiments using the resistance changes, and D bn from the L-PMS was linearly proportional to the preload with a sensitivity of 0.662 kN/µm after the snug point. Therefore, through the combination of resistance measurement and L-PMS, the final bolt preload (F P ) could be estimated as follows:
where F snug = 42.1 kN, sensitivity = 0.662 kN/µm, and D bn is the measured value after the snug point. D bn and ∆R/R 0 should be simultaneously measured to determine the snug point during tightening of the nut. In order to use the value of D bn relative to the snug point, the slope of ∆R/R 0 with respect to D bn was monitored, and D bn was reset to zero just after the slope began to converge. A total of 12 tests were conducted and compared with the actual preloads independently measured by the washer-type load cell. Figure 11a shows the comparison between the estimated and actual preloads. In the first test, for example, the measured D bn was 31.34 µm, so F P was estimated to 62.86 kN. On the other hand, the actual preload was measured to 60.04 kN. Compared to the actual preload, the estimated preload showed a 4.6% error. In this manner, all the test results were compared with the actual preloads. The error was found to be within ±6%, which is indeed comparable to other monitoring methods [7, 40] . Finally, the relationship between the estimated and actual preloads is presented in the range of~45 kN to~60 kN in Figure 11b . The results showed a good linear agreement between the two values.
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Conclusions
In summary, an L-PMS was designed and tested to estimate the bolt preload of a truck wheel assembly by measuring the displacement (D bn ) between the end surfaces of a bolt and nut. After all the clamping parts were fully snugged, a strong linear relationship between D bn and the preload was observed. The sensitivity of L-PMS was measured to 0.662 ± 0.024 kN/µm. FEA was also performed to predict the sensitivity, which was in a good agreement with the experimentally-obtained one. In addition, initial nonlinear relationships between D bn and the preload were found before reaching to the snug point, which hinders a reliable estimation of the preload using the L-PMS. In order to more accurately define the snug point, the variation in resistance with the preload was measured using an arc-shaped conductive line printed near the nut bearing surface. The snug point was defined with help of tracking the slope of resistance change ratio, and the snug force of the truck wheel assembly used in this work was estimated to 20.7% of the nominal yield force. By comparing the estimated preload from L-PMS combined with the resistance measurement to the actual preload measured by a washer-type load cell, it was found that the suggested L-PMS showed an error of ±6% and a good linear relationship. The concept of measuring the bolt preload proposed in this work has many advantages in terms of its simplicity, low cost, and reliability, so it could be utilized for monitoring the bolt preloads in the automotive industry. 
